OBJECTIVE. Thimerosal, a mercury compound used as a preservative in vaccines administered during infancy, has been suspected to affect neuropsychological development. We compared the neuropsychological performance, 10 years after vaccination, of 2 groups of children exposed randomly to different amounts of thimerosal through immunization.
C ONCERN HAS BEEN raised regarding the potential effect of thimerosal, a mercury compound used as a preservative in vaccines, on neuropsychological development in children. 1 Autism, 2 motor tics, 3, 4 mental retardation, language disorders, and attention-deficit/hyperactivity disorder 5 have been alleged as adverse events attributable to thimerosal contained in vaccines. In contrast, the results of large, well-designed studies do not support such associations between thimerosal exposure and neuropsychological development. [6] [7] [8] [9] [10] [11] [12] Several international agencies recommended different safe limits of exposure to ethylmercury (a metabolite of thimerosal), according to body weight, on the basis of the available pharmacokinetic data on methylmercury, a similar compound. 12, 13 However, the blood half-life of ethylmercury from thimerosal contained in vaccines is shorter than that of methylmercury. 14 Moreover, none of the studies conducted to date has been able to demonstrate what amount of thimerosal administered with vaccines is associated with adverse neurotoxic events. 9, 12, 13 Nonetheless, since 1999, regulatory agencies in both the United States and Europe have recommended eliminating thimerosal from vaccines when possible, as a precautionary measure. [15] [16] [17] Assessing the effects of thimerosal in vaccines long after immunization is complicated by a variety of factors that potentially affect the quality of data on vaccine exposure and measures of neuropsychological development. Controlling for social and educational factors and some health conditions may be difficult in observational studies in the general population, in the absence of high-quality records including information on each of these factors.
A randomized, controlled, clinical trial on the efficacy of acellular pertussis vaccines started in Italy in 1992 18 and included a diphtheria-tetanus-acellular pertussis (DTaP) vaccine manufactured by Chiron Biocine that contained thimerosal and a DTaP vaccine manufactured by SmithKline Beecham that contained 2-polyphenoxyethanol (a compound with no known neurotoxicity) as a preservative. Because infants enrolled in this trial were assigned randomly to receive different vaccines, they also were exposed randomly to different cumulative quantities of thimerosal in their first year of life. Moreover, children were monitored actively, with monthly contacts up to the age of 6 years, and did not receive other vaccines containing thimerosal during this period. In the present study, we compared neuropsychological outcomes, 10 years after vaccination, for children who had been exposed to different amounts of thimerosal.
METHODS

Exposure to Thimerosal
In 1992-1993, 15 601 healthy, 2-month-old infants were enrolled in the Italian Trial on Pertussis Vaccines. [18] [19] [20] In this trial, infants were selected from the general population in 4 of Italy's 20 regions (Fig 1) 
FIGURE 1
Selection process for the study population. DT indicates diphtheria-tetanus vaccine; DTP, whole cell diphtheria-tetanus-pertussis vaccine; DTaP, acellular diphtheria-tetanuspertussis vaccine.
ethylmercury) per dose, and the other was thimerosalfree (2-phenoxyethanol was used as preservative). The 3 doses of DTaP vaccine were administered at 2, 4, and 6 months of age. To comply with Italy's vaccination schedule, all children also received 3 doses of hepatitis B virus vaccine (child formulation), each of which contained 25 g of thimerosal (or 12.5 g of ethylmercury), at 2, 4, and 12 months of age, and a fourth dose of diphtheriatetanus vaccine, which contained 50 g of thimerosal (or 25 g of ethylmercury), at 11 months of age. Table 1 reports the vaccination schedule and the cumulative amounts of ethylmercury, the mercury metabolite of thimerosal, administered to infants in the trial according to age. These children received no other doses of thimerosal-containing vaccines until they were 6 years of age, when they received a booster dose of either diphtheriatetanus vaccine or DTaP vaccine, in accordance with Italy's vaccination schedule. Therefore, in the first 12 months of life, the cumulative intake of ethylmercury, the mercury metabolite of thimerosal, was 137.5 g for the children who were assigned randomly to receive the DTaP vaccine that contained thimerosal ("higher intake group") and 62.5 g for those who received the thimerosal-free DTaP vaccine ("lower intake group").
Enrollment and Neuropsychological Assessment
The study population for the present study included children living in the Veneto Region who were vaccinated with 3 doses of 1 of the 2 DTaP vaccines during the trial. A random sample from all 3399 subjects originally included in the trial in the region was extracted progressively until the desired sample size was met. Parents were sent a letter of invitation; once they provided written informed consent, they were interviewed by trained nurses over the telephone to update the information on the children's medical history and sociodemographic characteristics. An appointment was scheduled for administration of neuropsychological tests to the children. No economic incentive was provided to participants. The tests were administered during a single 2-hour session during regular school hours, by 1 of 10 trained psychologists (who were blinded to the vaccine received by each child). A total of 11 neuropsychological tests, which had been selected on the basis of previous studies, 3, 21 were administered to the enrolled children. The tests were used to explore areas of cognitive function allegedly affected by thimerosal exposure, were age-appropriate, and were standardized for the Italian population. The following domains were assessed: (1) 23 and the phonemic verbal fluency test, which assesses the ability to access a lexicon through phonemic cues and to set up adequate verbal search strategies 25 ; (4) visuospatial functions, with the WISC-R block design test 23 ; (5) language, with the WISC-R vocabulary and similarities tests, 23 the Boston Naming Test, 26 and the semantic verbal fluency test, which assesses the ability to access a lexicon according to semantic categories 25 ; and (6) motor skills, with the finger-tapping test, 27 which provides an assessment of fine motor speed and coordination, and the writing praxia test, 28 which measures the writing speed of the child.
Autism was considered as a separate outcome of the study and was assessed through review of the medical history with the parents and the medical charts of family pediatricians, according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria. 29 The presence of any motor or phonic tics was screened by psychologists through direct observation of the children during the neuropsychological assessments. The psychologists were trained to recognize tic behaviors, and 2 binary variables were created to indicate the presence of motor and phonic tics.
Children were 10 to 12 years of age when the neuropsychological evaluations were conducted, between the end of 2003 and early 2005. The study was approved by the review boards of the Istituto Superiore di Sanità (Italy's National Health Institute) and the Veneto Region.
Abstraction of Other Information
Sociodemographic variables and health information at birth and in infancy were derived from the original trial database for all children included in the present study. Medical conditions identified during the telephone interviews and relevant therapies were verified with the family pediatricians through review of local medical charts. For each child, the following information was collected: gender, birth weight, gestational age, mother's age at birth, Rh immunoglobulins during pregnancy, hepatitis B immunization at birth, type of delivery, breastfeeding duration, family composition, parents' education, presence of diseases of the central nervous system or other chronic diseases, and current prescription of antihistamines or antiepileptic drugs.
Sample Size and Data Analysis
Comparison between the 2 groups of children (higher and lower intake groups) was performed for a total of 24 neuropsychological outcomes. With the assumption that children in the lower intake group had mean scores for neuropsychological tests equal to reference values, a sample size of 700 children in each group (for a total of 1400 children) would be sufficient to yield a statistical power of 90% for identifying differences of at least Ϯ5%, at a 5% significance level with a 2-tailed test. We assessed differences between groups by using Student's t test for continuous variables. The difference between the mean neuropsychological test scores, with 95% confidence intervals (CIs), was used as a measure of effect size. The Mann-Whitney U test was used to validate results in cases of violation of normality and homoscedasticity assumptions. The 2 test or Fisher's exact probability test were used for categorical variables. We also calculated risk ratios (RRs), with 95% CIs, to assess the association between thimerosal exposure and the presence of tics at the univariate level.
We performed separate, ordinary, least-squares, multivariate, linear regression analyses, using the raw score of each test as the dependent variable, to assess the association between thimerosal intake and the results of neuropsychological tests, with adjustment for the following potential confounders: age at test administration, gender, birth weight, gestational age, type of delivery, breastfeeding duration, family composition, mother's age at birth, parents' education, presence of diseases of the central nervous system or other chronic diseases, current prescription of antihistamines or antiepileptic drugs, Rh immunoglobulins during pregnancy, and hepatitis B immunization at birth. Standardized regression coefficients (SRCs) were used as a measure of effect size, with the SRC representing the quantitative difference in the outcome scores, expressed in SD units, for the lower versus higher thimerosal intake group. We also assessed the effect of thimerosal exposure in separate analyses according to gender. In secondary analyses, we performed logistic regression analyses using as the dependent variable the presence of motor and phonic tics. The adjusted RR was used as a measure of effect size. During statistical analyses, the 2 study groups were masked with respect to the amount of thimerosal exposure. We did not correct for multiple comparisons, to maintain the highest possible sensitivity during statistical analyses.
RESULTS
A total of 1979 families, of the total regional cohort of 3399, were sent an invitation letter (Fig 1) . We were unable to contact 160 families (8.1%) by telephone; of the remaining 1819 families, 114 (6.3%) declined participation, and 1 child (0.05%) had died. Telephone interviews were conducted for the remaining 1704 families (87.9% of the eligible population). We detected, through the telephone interviews with parents and reviews of medical charts, 1 case of autism among the 856 children in the lower thimerosal intake group and no cases among the 848 children in the higher thimerosal intake group.
A total of 301 children from the 1704 interviewed families did not undergo the neuropsychological evaluation. Therefore, a total of 1403 children (70.9%) were included in the analysis, 697 in the higher intake group and 706 in the lower intake group.
The proportions of families whose child did not undergo the neuropsychological tests did not differ significantly between the 2 groups. Parents failed to have their children evaluated for the following reasons: lack of time to participate, fear that the child would feel uncomfortable during the evaluation, or failure to keep the appointment for the tests (higher intake group: n ϭ 150; lower intake group: n ϭ 146); in some cases, the child had a medical condition (lower intake group: epilepsy, n ϭ 1; autism, n ϭ 1; leukemia, n ϭ 1; retinitis pigmentosa, n ϭ1; higher intake group: head injury, n ϭ 1).
The characteristics of the 1403 children who underwent neuropsychological assessments are listed in Table  2 . The 2 groups were similar in terms of sociodemographic characteristics, clinical characteristics, and parents' educational level, whereas birth weight was slightly lower for the higher intake group.
Mean scores and SDs for each neuropsychological test according to thimerosal exposure are reported in Table  3 , for the entire population included in the study and according to gender. All mean scores were in the normal range according to reference standards, [22] [23] [24] [25] [26] [27] [28] and the study groups were similar with respect to almost all neuropsychological outcomes. Children in the higher intake group performed significantly worse than children in the lower intake group only in the finger-tapping test with the dominant hand, although the difference in mean scores was modest (difference: 1.01; 95% CI: 0.30 -1.73; P ϭ .006, Student's t test). Motor tics were observed for 2.56% of patients in the lower thimerosal intake group and 2.91% of patients in the higher intake group (RR: 1.13; 95% CI: 0.60 -2.13; P ϭ .744, Fisher's exact probability test). Phonic tics were detected for 0.43% of patients in the lower intake group and 0.87% of patients in the higher intake group (RR: 2.04; 95% CI: 0.51-8.13; P ϭ .338, Fisher's exact probability test).
Girls in the higher intake group performed significantly worse than did those in the lower intake group in the finger-tapping test with the dominant hand (difference in scores: 1.08; 95% CI: 0.11-2.05; P ϭ .029, Student's t test) ( Table 3) . In multivariate analyses, we did not find any statistically significant associations for the overall group of children and for boys (Table 4) . We found worse performance in the higher intake group for the Boston Naming Test (SRC: Ϫ0.16; P ϭ .025) and the finger-tapping test with the dominant hand (SRC: Ϫ0.16; P ϭ .029) for girls. Finally, we did not find any significant association in the logistic regression analyses for phonic and motor tics, in the entire population or according to gender.
DISCUSSION
One of the major problems in assessing the effects of exposure to thimerosal during infancy on neuropsychological development is identifying groups of children who have good vaccination records, who received different amounts of thimerosal, and who, many years later, are still comparable with respect to the occurrence of factors that may affect neuropsychological develop-ment. In this regard, our study population, as a subset of children who had participated in the Italian Trial on Pertussis Vaccines, had several advantages, particularly the following: (1) the children belonged to groups that had been assigned randomly to receive different thimerosal exposures through vaccines in the first year of life, (2) the children did not receive any other thimerosalcontaining vaccines until they were 6 years of age, (3) vaccinations were administered under strict rules and were carefully monitored, (4) vaccination records were very accurate, being collected under rigorous clinical trial conditions, and (5) children were monitored actively for 6 years. Furthermore, Italy's population has low population mobility, which contributed to the high response rate 10 years after enrollment in the original study. Moreover, the school curriculum until 13 years of age is standardized throughout the country, and the children had similar learning experiences. Finally, the neuropsychological assessments and the statistical analyses were performed under blinded conditions with respect to exposure to thimerosal.
According to our results, greater thimerosal exposure through vaccines administered in the first year of life was significantly associated with lower scores for 2 neuropsychological outcomes, in the domains of motor function (finger-tapping test) and language (Boston Naming Test), among girls. However, the differences in the mean scores were very small and of doubtful clinical relevance. Neuropsychological deficits in the domains of language and, to a lesser extent, motor functions were also observed in a cohort of children exposed prenatally to methylmercury, 21 although a direct comparison may be inappropriate because ethylmercury, the metabolite of thimerosal, has different toxicokinetic features. 14, 30 To date, studies on the effects of thimerosal contained in vaccines have not provided a clear pattern of associations, and many authors found even better neurodevelopmental outcomes for children exposed to thimerosal. 4, 7, 9 An association between thimerosal contained in vaccines and language delays was found in a study from the Vaccine Safety Datalink 3 and in a recent study in 4 US health maintenance organizations. 9 In the latter study, however, the Boston Naming Test outcome was not affected by thimerosal exposure. We failed to observe any association with tics, in contrast to the findings of some observational studies. 3, 4, 9 Because we did not correct for multiple comparisons in the statistical analyses, we expected to find 4 significant associations among the 78 univariate statistical tests, at the 5% statistical significance level (Table 3) , and 4 among the 72 multivariate analyses (Table 4) as effects of chance. Because we found only 2 significant associations between thimerosal exposure and neuropsychological outcomes, the observed associations might actually reflect the effects of chance. In addition, the associations were based on small differences in scores, they were detected only for girls, and they were not consistent with results from other studies.
Some limitations should be considered in the interpretation of our results. The cumulative intake of thimerosal was relatively low, compared with that in other countries including the United States, where vac- cination schedules included more thimerosal-containing vaccines in the first year of life. Moreover, there was no comparison group with no exposure to thimerosal, although our setting was appropriate to identify a doseresponse effect in the absence of any evidence suggesting a threshold dose for observation of an effect. Our analysis included only healthy children who were selected during enrollment in the original trial, and some families might have declined to participate in the present study because their children had cognitive developmental problems. This might have reduced the prevalence of adverse neuropsychological conditions and might have made potential differences hard to detect. The eligibility criteria of the original trial also limited the participation of low birth weight children, and only 55 children with birth weights of Ͻ2500 g underwent the neuropsychological evaluation (data not shown). Moreover, only 1% of children in this study received hepatitis B virus vaccine at birth. Although no effect of birth weight according to thimerosal intake was detected through multivariate analyses, our study was not powered to detect an association of thimerosal exposure and neuropsychological development in low birth weight infants.
CONCLUSIONS
No study conducted to date has been able to provide conclusive evidence of an effect of thimerosal on neuropsychological development. Final judgments regarding this association must rely on the entire body of results from studies conducted in different settings and with different levels of validity and on the coherence of results. The lack of consistency among the results of our study and other available studies suggests that an association between thimerosal exposure through vaccination in infancy and neuropsychological deficits is unlikely or clinically negligible. Additional data from populations with wider ranges of exposure to thimerosal and additional neuropsychological assessments at older ages may help to clarify the issue of potential associations between thimerosal and neurodevelopmental outcomes.
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